. 1977. Conditions affecting in vivo nitrate reductase activity in chlorophyllous tissues. Can. J. Bot. 55: 896-901. Nitrite production during darkness by vacuum-infiltrated strips of foliar material was investigated in &day-old corn, field peas, wheat, barley, and marrow and in 10-week-old Gomphrena globosa. Inclusion of n-propanol enhanced nitrite production by 10 to 40%, at a species-specific optimum concentration of 0.5 to 1.0% vlv, in all plants except Gomphrena. Triton X-100 (0.1% vlv) caused additional enhancement in corn only. Substantial nitrite production (59 to 94% of maximum) occurred in plants grown with moderate (5 mM) and high (20 mM) nitrate concentrations without exogenous assay nitrate; optimum exogenous nitrate concentration was 50 to 100 mM. The patterns of response towards nitrate and propanol were highly species specific. In contrast, all species responded analogously to pH of the incubating medium, yielding a maximum plateau of activity at pH 7 to 8. Nitrite production was not enhanced by substitution of nitrogen for air during vacuum infiltration and incubation. Assay conditions yielding maximum rates of nitrite production were not affected by growth conditions which yielded higher in vivo activity at high vs. low irradiance and at high vs. low nutrient nitrate. Plants grown with moderate irradiance and nitrate exhibited 1.2-to &fold higher in vitro than in vivo nitrate reductase (EC 1.6.6.1) activities. In plants grown at high irradiance and low nutrient nitrate, in vivo nitrite production without exogenous nitrate was severely limited by in situ nitrate, indicating that nitrate reduction can be regulated by the rate of supply of substrate to foliar tissues under certain conditions. 
Introduction
observed that nitrite formed by reduction of nitrate was excreted into the surrounding medium during anaerobic incubation of Vigna embryos. This phenomenon has been made the basis of an in vivo nitrate reductase assay in both chlorophyllous (Mulder et a/. 1959; Randall 1969; Townsend 1970;  Klepper et a/. 1971; Jaworski 1971) and nonchlorophyllous (Ferrari and Varner 1970; Farrari et a / . 1973; Radin 1973) tissues. Most investigators have reported optimum conditions for at least some of the factors governing in vivo nitrate reductase (EC 1.6.6.1) activity, usually in the one species of their choice. These factors include the concentration of a chemical used to enhance cellular permeabilities (Ferrari and Varner 1970; Jaworski 1971 ; Radin 1973; Tingey et al. 1974) , exogenous nitrate concentration (Klepper et al. 1971 ; Radin 1973; Tingey et al. 1974) , pH of incubating medium (Jaworski 197 1 ; Streeter and Bosler 1972) , and the necessity of strict anaerobiosis for maximum nitrite production (Ferrari and Varner 1970; Jaworski 1971 ; Radin 1973) .
It might be expected that unlike in vitro activity, in vivo nitrate reductase would display characteristics related specifically to the tissue under analysis. It was the purpose of this study to compare in vivo nitrate reductase activity, and the factors affecting this activity, in the chlorophyllous tissue of various species. A standard vacuum-infiltration technique was used for the displacement of tissue air with incubation media. Optimized assay conditions determined for a particular growth culture were tested on plants grown at different irradiances and nutrient nitrate concentrations. The latter conditions were also used to test the anticipated ranking of nitrate reductase according to the known control of this enzyme by light and nitrate (Beevers and Hageman 1972) . Finally, numerical values of in vivo and in vitro assays were obtained to allow assessment of their relative sensitivities per unit tissue weight.
Materials and Methods

Plant Material
The six species selected for the variety of their foliar material were corn (Zea tnays L. cv. U.H. 108), field peas (Pisrtm aruetlse L. cv. Century), winter wheat (Triticum aestivum L. cv. Frederick), barley (Hordeum vulgare L. cv. Herta), marrow (Cucrrrbita pepo), and globe amaranth (Gon~phrena globosa L. cv. Dwarf Buddy) (referred to as Gon7phrena). The plants were 6 days old when analyzed, except for Gomphretla which was 10 weeks old. The foliar material consisted of the primary and secondary leaves of cereals, the first (basal) and second leaf pairs of peas, marrow cotyledons, and the youngest fully expanded leaf of Gonlphrena.
Plant Crtlture
Seeds (except Gotnphrena) were selected for a narrow range of weight (mean ?5%, cereals and marrow) or diameter (6 to 7 mm, peas) and sown in vermiculite subirrigated with one-tenth Hutner's solution containing the desired concentrations of nitrate as KNOs (Jones and Sheard 1973~) .
Gotnptrre~~a was sown i n a flat irrigated with halfstrength Long Ashton nutrient solution (Hewitt 1966 
It1 Vivo Assay System
The incubation system was adapted from the vacuum infiltration technique of Klepper et al. (1971) . Foliar material was excised and kept at 0-4°C until 30 min before incubation. Full leaves of corn, peas, wheat, and barley, half cotyledons (median cut) of marrow, and the deribbed halves of Gomp/~rena leaves were then cut transversely into 1-mm-wide strips, mixed, and weighed (30-80 mg) into plastic boats kept on ice. The chilled samples were added to 5 ml prewarmed (27°C) media contained in 25-ml conical evacuation flasks. These were rubber stoppered and connected to a vacuum pump via a two-way stopcock. Alternate evacuation and readmission of air was performed for 2 min, during which time the tissue became completely submerged. The flasks were disconnected, covered with aluminum foil, and incubated with occasional shaking at 27°C. Each incubation was conducted in triplicate. The standard incubation time was 30min. after which two 1-ml aliquots were sampled for nitrite estimation. The linearity of reaction rate was assessed using 0.25-1111 aliquots taken every 15 min for 1.5 h, with correction applied to the declining volume:tissue ratio. Nitrite was measured as the colour complex developed with 1 ml 0.1% sulphanilamide in 2 N HCI and 1 ml 0.01% N-naphthylethylenediamine dihydrochloride. Where necessary, the volume was made up to 4 ml with water. Extinction was read at 540 nm in a Bausch and Lomb Spectronic 70 spectrophotometer, and compared with nitrite standards prepared in incubation media. Nitrate reductase activity is expressed as micromoles NOz-per gram fresh weight per hour.
The effect of complete anaerobiosis was assessed by alternate evacuation and admission of Nz gas instead of air, followed after 1.5 min by bubbling N Z through the media with the side arm sealed. At 2 min, the flask was quickly stoppered and incubated as before.
Good reproducibility was obtained with this technique, standard errors usually being 5% or less of the mean. tetraacetic acid (K-EDTA, pH 7.5), and for peas 100 m M tris(hydroxymethy1)aminomethane (Tris) with 1 m M K-EDTA (pH 8.8). The extract was centrifuged and analyzed for nitrate reductase and nitrate as previously described (Jones and Sheard 19736) .
Results and Discussion
Factors aflecting In Vivo Nitrate Reductase Assay
Nitrite production by all foliar material except Go~nphrena leaves was enhanced some 11% (marrow) to 38% (corn) in the presence of n-propanol (Fig. 1A) . The level of endogenous nitrite was very low and variable, and could not be reliably estimated in any tissue with our method. Enhancement by propanol was much less than the 2-to 12-fold increases obtained by Jaworski (1971) with soybean leaves, where vacuum infiltration was not used. There was a tissue-specific optimum propanol concentration ranging from 0.5 to 1% (vlv), and the shape of activity vs. propanol concentration curves differed markedly between distant species (Fig.  IA) , indicating that the alcohol was having different and complex effects in different tissues. The curves were more closely akin in the more closely related C, cereals, wheat and barley.
Without vacuum infiltration difficulty was encountered in submerging the samples, particularly where propanol was also omitted. b m i ssion of vacuum infiltration increased the enhancing effect of propanol on activity during 0.5-h incubation, primarily owing to a decline in activity without the alcohol, and it increased the optimum propanol concentration to give results similar to Jaworski (1971) . There was also a time lag in the nitrite produced during a 1-h incubation, whereas with vacuum infiltration, rates of nitrite production were linear for 1.5 h and proportional to tissue quantity (20 to 200 mg) at 50 m M exogenous nitrate with or without propanol (data not shown).
From comparisons of the effects of propanol with and without vacuum infiltration, it appeared that the latter made the tissue more accessible to the incubating medium and reduced the requirement for propanol. However, propan01 still enhanced nitrite production in most tissues when vacuum infiltration was used. Two effects of propanol may be involved in these observations: the lowering of surface tension in the assay solution, and the enhancement of membrane permeabilities. The former effect would be particularly significant where vacuum infiltration is not used to displace intercellular air with incubation media.
When included with propanol, and using vacuum infiltration, the surfactant Triton X-100 at 0.1% (vlv) further enhanced nitrite production by 20% in corn, but it was either without effect (peas) or inhibitory in other species. Triton X-100 was reported to enhance in vivo nitrate reductase activity in soybeans (Streeter and Bosler 1972; Tingey et al. 1974) .
The optimum nitrate concentration of the assay solution was 50 m M in all species except marrow, where it was 100 mM (Fig. 1B) . Under the given cultural conditions, substantial nitrite production (from 59% of maximum with ductase levels of the same species, or for closely corn to 94% with wheat and barley) was ob-related species such as the wheat and barley of tained without exogenous assay nitrate in all the current study. species except the 10-week-old Gomphrena (Fig. 1B) . This nitrite was possibly produced at the expense of an endogenous nitrate metabolic pool, as conceived by Ferrari et al. (1973) . Wheat and barley behaved similarly towards exogenous nitrate. Differences amongst the species were expressed primarily in the approach to and immediate departure from optimum nitrate concentration. Beyond this optimum exogenous nitrate inhibited nitrite production relatively uniformly amongst the species. The basis of this inhibition is not known, but it has been recorded by others (Klepper et al. 1971 ; Radin 1973; Tingey et al. 1974) .
The concentration of phosphate buffer (adjusted to p H 7.5) did not influence the in vivo assay between 25 and 200 m M ; 25 m M buffer slightly stimulated activity (by 10 to 20% for various species) compared with water (data not shown). Increase in buffer pH (100mM phosphate) from 6.0 to 7.0 was accompanied .
by an increase of 50-60% in in vivo nitrate reductase activity, between p H 7.0 and 8.0 activity was constant, and from 8.0 to 8.5 it slightly declined (data not shown). The p H response curves were similar for the different species and could be reduced to the one curve if presented as percentage changes in activity. A similar pattern and constancy were evident in p H response curves determined without exogenous assay nitrate. This constancy testifies to some basic uniformity and simplicity in the role of H + or O H -ions in in vivo assay, a notion strengthened by the very similar pattern obtained by Jaworski (1971) with soybeans.
The foregoing results show that it is necessary to optimize the factors of in vivo assay for maximum nitrate reductase activity. Depending on the species, the sensitivity of the assay may be severely prejudiced by conditions which depart from optimum exogenous nitrate and propanol. Different shapes for the response curves entail an uncertain basis for valid quantitative comparisons of in vivo nitrate reductase activity amongst the chlorophyllous tissues of different species, since they indicate that assay variables are tied to different speciesspecific effects. Quantitative comparisons of in vivo nitrate reductase activity may therefore be meaningful only for different nitrate re-
Strict Anaerobiosis Compared with Aerobiosis
Oxygen influences in vivo nitrate reductase activity by inhibiting nitrite release (Ferrari and Varner 1970; Klepper et al. 1971 ; Radin 1973; Atkins and Canvin 1975) . Nitrite production with the current technique was unaffected by substituting N 2 for air during vacuum infiltration and incubation. Low or zero exogenous nitrate concentrations did not expose a n inhibition of nitrite production by air as opposed to N,, contrary to the results of Radin (1973) with cotton leaf discs. The difference may be due to the size and shape of leaf samples and the related efficiency of air replacement by assay solutions during vacuum infiltration. The cotton leaf discs were 10 mm2 in diameter, whereas the current study used 1-mm-wide slices. Bilal and Rains (1973) , also working with cotton, showed that discs were less effective than leaf slices for in vivo assay.
In Vivo compared with In Vitro Nitrate Re-
ductase Activity The in vitro exceeded the in vivo nitrate reductase activity by a factor of 1.2-fold (wheat) to 5.9-fold (corn) ( Table 1) . Other investigators also found in vitro to exceed in vivo activity in other species (Bar-Akiva and Sagiv 1967; Ferrari and Varner 1970; Klepper et al. 1971 ; Yoder and Scheffer 1973) , particularly where improvements were implemented in recoverability (Wallace 1975) or assay (Scholl et al. 1974) of the enzyme in vitro. For a unit tissue weight and time, therefore, the in vitro is the more sensitive of the two assays for nitrite production in many species. The reverse relationship, found by other workers in soybeans (Jawor- Corn and Goniphl.enn, the two C, species, consistently furnished the lowest absolute in vivo activities of all the species studied (Table 1 and Fig. 1 ). Whether this reflects a consistent difference between C, and C, species must await further work. Also the low in vitro : in vivo ratio of the C, cereals may reflect inactivation or degradation of nitrate reductase during extraction, as was shown to occur in corn, oats, and tobacco (Schrader et nl. 1974) and as indicated in preliminary trials in our own work (R. W. Jones, unpublished) .
Alternative C~/ l t~n n l
Conditions slid In Vivo Assny Many reports characterizing in vivo nitrate reductase (Streeter and Bosler 1972; Bilal and Rains 1973; Tingey et 01. 1974) d o not explicitly consider whether optimum conditions of activity remain valid for different cultural treatments or physiological age. Irradiance level and nutrient nitrate concentration exert major environmental influence on nitrate reductase levels (Beevers and Hageman 1972) . Making use of this fact, selected conditions encon~passing the various optima ( Table 2 , but they represent all species in showing that optimum conditions of assay were independent of cultural treatment. It might still not be valid to assume, however, that optimum conditions of assay remain unvarying with physiological age.
In all the species examined, the in vivo assay correctly ranked nitrate reductase (Table 3) according to the expected influence (Beevers and Hageman 1972) of irradiance and inducer nitrate on the enzyme. Thus enzyme activity was higher at high vs. low irradiance, and at high vs. low nutrient nitrate concentration (Table 3) .
A marked effect of low nutrient nitrate (at high irradiance) was the low nitrite production rate without exogenous nitrate (Table 3) , contrary to the high proportion of maximal rate obtained with plants grown at moderate (Fig. 1B) or high nitrate (Table 3) . This behaviour could be ascribed to diminished tissue nitrate at low concentrations of nutrient nitrate (Table 4) . With the exception of marrow, the nitrite produced during 1 h of incubation with optiinuill exogenous nitrate exceeded the endogenous nitrate available for reduction by 3-to 30-fold (Table 4 ). This observation implies that under conditions where significant nitrate reduction would be expected, such as high irradiance and substantial in vivo nitrate reductase activity, 
